Synchrotron-based infrared and Raman spectroscopies were brought together with diamond anvil cell techniques and an analysis of the magnetic properties to investigate the pressure-induced high → low spin transition in [Ru2(O2CMe)4]3[Cr(CN)6]. The extended nature of the diruthenium wavefunction combined with coupling to chromium-related local lattice distortions changes the relative energies of the π * and δ * orbitals and drives the high → low spin transition on the mixed-valence diruthenium complex. This is a rare example of an externally controlled metamagnetic transition in which both spin-orbit and spin-lattice interactions contribute to the mechanism.
I. INTRODUCTION
Magnetic crossover transitions modulated by external stimuli such as temperature, magnetic field, pressure, and light are the subject of contemporary interest 1 . These transitions can be as simple as low ↔ high spin in an isolated molecule or as complex as antiferromagnetic ↔ ferromagnetic, metamagnetic, and quantum critical processes in extended solids [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Spin crossovers in 4 and 5d-containing compounds are particularly interesting because spin-orbit coupling competes with electron correlations to reveal exotic properties [13] [14] [15] [16] [17] [18] [19] .
The mixed-metal quantum antiferromagnet [Ru 2 (O 2 CMe) 4 ] 3 [Cr(CN) 6 ] (Me=CH 3 ) attracted our attention due to its sensitivity to various external stimuli combined with the unusual inter-penetrating lattice structure [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . As summarized in the schematic phase diagram of Fig. 1 , temperature drives a magnetic ordering transition at 33 K, below which the magnetic alignment of each sublattice possesses three diruthenium spins with easy axes along face diagonals opposed by the Cr spin along the body diagonal [20] [21] [22] [23] [24] [25] [26] [27] . There is practically no coupling between the two sublattices so there are many degenerate configurations, which can be aligned by an 0.08 T magnetic field 24 . This compound thus represents an interesting example of a three-dimensional system ( Fig. 2 ) with frustration that can be lifted by external stimuli. Pressure triggers a different kind of magnetic crossover, with 0.8 GPa driving the high to low spin antiferromagnetic transition 22, 25 . Previous authors 22, 25 argue that the collapse of the high spin state is an effective Ru 2 II/III high (S = 3/2) → low spin (S = 1/2) transition. However, more complicated mechanisms involving magnetoelastic coupling, electron transfer, and charge ordering have not been rigorously tested. The role of spin-orbit coupling is also relatively unexplored.
In order to distinguish between these magnetic crossover mechanisms, we ventured beyond high mag- 6 ] under pressure. Combining our findings with displacement patterns and anticipated mode trends for (i) an isolated on-site high → low spin transition, (ii) a spin-lattice assisted crossover, and (iii) electron transfer (or charge ordering) induced spin transition reveals that while the spin transition takes place on the Ru dimer, it is enabled by cooperative local lattice distortions around the Cr center. Due to its mixed II/III valence, the S = 3/2 state of the diruthenium complex lies at the borderline of stability compared to the S = 1/2 configuration. We pro- pose a mechanism in which the cooperative lattice distortion around the Cr ion destabilizes the S = 3/2 state by changing the effective field at the diruthenium complex, a process that inverts the π * and δ * orbitals and leads to the S = 1/2 state. Crossover mechanisms involving both spin-orbit and spin-lattice interactions may also be important in other 4 and 5d-containing magnets. Piezomagnetism and pressure-tunable spin-orbit coupling may emerge in these systems as well. 6 ] was prepared as described previously 20 . The sample was loaded into a pressure medium like vacuum grease in order to apply quasi-hydrostatic pressure. Ruby fluorescence was used to measure pressure 31 . Raman measurements (0.5 cm −1 resolution) were performed with a custom microRaman system including a spectrograph, a CCD detector, and a 532 nm diode pumped solid state laser, with power below 1 mW to prevent sample degradation. Infrared measurements were taken with a resolution of 1 cm −1 . Due to the small sample size and 300 µm diamond culets, the National Synchrotron Light Source at Brookhaven National Laboratory was used for its high brightness infrared light 32 . In prior work, the vibrational properties at ambient pressure were found not to change at the 33 K magnetic ordering transition; there are also no signatures of the 0.08 T magnetic coalescence transition 29 . This connects the 300 K high pressure spectral measurements to the low temperature magnetic crossover.
II. METHODS

Polycrystalline [Ru
To model the field-and pressure-induced phase transitions in this material, we assume as a starting point that the moments of each sublattice are rigid with no internal degrees of freedom. Each sublattice moment is confined to a cubic diagonal (with 8 possible orientations) by the strong easy-plane anisotropy of the diruthenum paddlewheel. Hence, the partition function for the material involves the sum over 8 × 8 spin configurations. To describe the weak non-rigid distortion of each sublattice, a field-dependent susceptibility is added to each sublattice spin. Although their orbital overlap is negligible, the two ferrimagnetic sublattices are antiferromagnetically coupled by dipolar interactions 24 . This model successfully describes the coalesence transition at low temperatures with a 0.08 T field and indicates that the sublattice spin drops by about half above a pressure of 0.8 GPa. Figure 3 6 ], which appears at 0.8 GPa at low temperature. The latter has not been previously observed. It is not known whether the 3.2 GPa structural distortion (discussed below) has a magnetic component.
III. RESULTS AND DISCUSSION
We extract information about the pressure-driven local lattice distortions by bringing the vibrational response together with mode assignment and displacement pattern information (Fig. 3) 42, 43 . The high → low spin transition at 1 GPa is different than the field-induced coalescence transition at 0.08 T in that the most significant spin-lattice coupling takes place under pressure 44 .
The 3.2 GPa transition is broader and more sluggish than that near 1 GPa. Furthermore, it involves the equatorial carboxylate ligands in the diruthenium complex rather than the Ru-Ru-based mode. The well-known displacements of the [Cr(CN) 6 ] 3− cluster are not involved. It's unfortunately hard to say much about the mechanism (other than that it involves local lattice distortions on the periphery of the Ru dimer) without the benefit of magnetic property measurements. Several other molecule-based magnets display pressure-induced local lattice distortions in this range 45, 46 , making the exploration of higher pressure magnetic properties of general interest.
Analysis of these frequency-pressure trends reveals that the 0. 3− ? If the 1 GPa magnetic crossover occurs on the Ru dimer, why should these modes change at all? Could it be that the high → low spin transition involves the Cr centers instead?
There are two reasons to rule out this possibility. First, the net spin of each sublattice below the coalescence transition opposes the Cr spins. For classical spins and infinite easy-plane anisotropy on the diruthenium paddlewheel, the net spin of each sublattice is S tot = ( √ 6 − 1)S ≈ 2.18 per formula unit 24 . Due to the finite anisotropy of the paddlewheel, this is 18% larger than the value S tot = 1.85 extracted from the field-dependence of the magnetization using the model described above. A S = 3/2 → 1/2 transition on the Cr spin would increase the sublattice spin by about 50%, in disagreement with the observed decrease of S tot above 0.8 GPa. Second, an octahedral Cr(III) center has never been observed in the low spin S = 1/2 state.
On the other hand, the mixed-valence Ru 2 (II/III) complex can undergo a high → low spin transition or exhibit intermediate admixed spin behavior [50] [51] [52] [53] [54] [55] . This is because the presence of spin-orbit coupling causes the π ⋆ and δ ⋆ orbital energies to be quite close [50] [51] [52] [53] [54] [55] , a situation that amplifies the effect of small perturbations. Consequently, spin-admixed ruthenium compounds occur 52 . Here, we recall that the valence configuration for the 11 electrons in the S = 3/2 state of the Ru dimer is generally accepted to be σ 2 π 4 δ 2 π * 2 δ * 150 . We will abbreviate this configuration using the last two antibonding orbitals with the relevant energy order and occupation. For the most likely high spin arrangement, this is "π * 2 δ * 1 ". The order and occupancy of the π * and δ * orbitals also determines the nature of the low spin state.
Our situation is similar to that described above. Due to the extended nature of the 4d orbitals, the state of the + complex. The orbital configuration of the high spin phase is probably π * 2 δ * 50 , although δ * π * 2 is also possible. The orbital state of the low spin phase is either δ * 2 π * or π * 3 . As discussed in the text, a high spin π * 2 δ * to low spin δ * 2 π * crossover is most probable. This orbital inversion under compression is made possible by cooperative local lattice distortions on the [Cr(CN)6] 3− sites.
Ru
... N distance by 5.5%, enhancing the π * orbital interaction and increasing their energy (Fig. 4) relative to the δ * orbital. This process inverts the π * and δ * levels and leads to a δ * 2 π * low spin state. While the high spin π * 2 δ * to low spin δ * 2 π * scenario is most reasonable, there are alternate valence configuration patterns that can produce a spin crossover. The schematic diagram in Fig. 4 accounts for these as well. For instance, the high spin ground state could be δ * π * 2 , and under pressure, the energy of the π * orbital might increase such that the low spin configuration becomes δ * 2 π * simply due to an increasingly substantial energy difference between states. That said, π * 2 δ * is generally accepted as the high spin ground state 50 , so the competition between it and low spin δ * 2 π * is most likely. Finally, we point out that some papers have suggested that the low spin state of Ru-based complexes can be π * 3 rather than δ * 2 π * . This narrative implies that the π * orbital lies lower than the δ * orbital 51, 59 . With spin on the diruthenium complex decreasing from S = 3/2 to S = 1/2 at 0.8 GPa, the sublattice spin changes sign and points along the Cr spin direction. The total sublattice spin S tot depends on the anisotropic exchange between the low-spin complex and the Cr ion. If the exchange interactions between the three inequivalent S = 1/2 diruthenium complexes and the S = 3/2 Cr ion are (J 2 , J 1 , J 1 ), (J 1 , J 2 , J 1 ), and (J 1 , J 1 , J 2 ) for spins separated by (a/2)x, (a/2)y, and (a/2)z, respectively, then the total spin of the sublattice per Cr site along a diagonal will be
Here, tan θ = √ 2J 2 /J 1 , and a is the lattice constant (13.3Å). So S tot → 0.28 for J 2 → 0 and S tot → 0.63 for J 1 → 0. This is the first experimental observation of a pressure-induced high → low spin transition for a diruthenium complex, although there are many instances of compression-induced spin crossovers in solid state systems [60] [61] [62] [63] [64] . Anisotropic exchange interactions are important in other heavy-atom organic magnets as well 65 . Of course, spin-orbit coupling on the [Ru 2 (O 2 CMe) 4 ] + complex plays an essential role in this high to low spin transition by creating the balance between the nearlydegenerate π ⋆ and δ ⋆ levels. Our work therefore uncovers one of the few examples 66 in which spin-orbit coupling can be reversibly tuned and potentially controlled by a pressure-driven change in ligand fields. Similar interactions may drive magnetic crossovers in other 4 and 5d-containing materials. In fact, compounds with 5d centers may be even more sensitive to pressure than 4d systems due to the more extended orbitals.
IV. SUMMARY
To summarize, an analysis of the high pressure magnetic and vibrational properties of the bimetallic quantum magnet [ 6 ] is an example of a potentially much broader class of 4 and 5d-containing materials in which both spin-orbit and spin-lattice interactions contribute to the crossover mechanism. Whether pressure (or strain) can modulate the spin state in thin film form 67 is an open question, but these effects can form the basis for new types of piezo-and electro-magnets 68 .
